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Abstract  
Reports about positive patch test reactions to oxidized linalool and limonene remain frequent. 
These terpenes are fragrance ingredients widely present in consumer products. The main 
sensitizing ingredients in the oxidation mixtures of these terpenes are hydroperoxides (HP). 
Currently, it is not clear whether fragranced consumer products are a relevant exposure source 
for HP. Analytical methodologies had been developed and validated in blind-coded ring-trials in 
multiple laboratories allowing quantification of the HP in different consumer products. The 
analytical approach had been successfully transferred to an independent third party laboratory 
and was now used in the analytical investigation of consumer products. In total, 104 products 
were analysed with a method based on hydroperoxide reduction followed by GC-MS. Samples 
included aged and new samples from the same brand, products which were suspected by patch 
test positive patients to elicit their symptoms and some products containing high levels of 
essential oils. Only four samples contained > 50 µg/g of at least one of four analysed HP by the 
reduction method. Confirmatory analysis by LC-MS methods directly testing for presence of the 
hydroperoxide indicated that levels are even below those observed by the conservative reduction 
method. The samples retrieved from patch-test positive samples were below detection limit for 
all four target analytes by GC-MS, and LC analysis with three methods confirmed this negative 
result. This independent market surveillance indicates that concentrations of HP in investigated 
consumer products and patient products are orders of magnitude below reported sensitizing or 
elicitating doses. No evidence for hydroperoxide accumulation in aged products or products used 
by patients could be found. The nature and source of the inducing agent responsible for the 
frequent positive patch test reactions to oxidized terpenes remains elusive. 
  
 
Introduction 
Linalool and/ or limonene are present in the majority of leave-on cosmetic products1. Both 
linalool and limonene are non-sensitizing according to data from most human and guinea pig 
studies2, and they are only very weak sensitizers according to the local lymph node assay 
performed in mice3. Despite their widespread use, positive patch test reactions for linalool and 
limonene are only rarely reported from the dermatological clinics4,5, confirming the low 
sensitization potential. However, neat linalool and limonene were shown to undergo 
autoxidation when agitated for prolonged periods of time in the presence of air.6-11 The air-
oxidized terpenes were found to be skin sensitizing in animal tests. Within the complex 
autoxidation mixtures, hydroperoxides (HP) were identified as the key allergens12-15.  
Oxidized samples of both limonene and linalool are commercially available to dermatologists to 
perform patch tests in order to identify possible causes of allergic contact dermatitis.13,16,17 So 
far, these autoxidation mixtures have been tested on a cumulative number of >22’000 patients 16-
22. These studies reported high frequencies of positive reactions to the two oxidized terpene 
preparations. In general more frequent reactions are reported to oxidized linalool, which is tested 
at a higher concentration than oxidized limonene. Thus on the average 4 – 6% of tested patients 
respond to oxidized linalool, and similar or even higher frequencies of doubtful or irritant 
reactions were reported in parallel16,17,22. 
It was often inferred from these studies that the HP formed from limonene and linalool are 
among the most common causes of contact allergy13 and a causal link between these frequent 
reactions and widespread exposure of consumers to parent linalool and limonene from consumer 
products was made23. However, in order to scientifically substantiate this link one would have to 
prove that the parent molecules oxidize in the consumer products or that partly oxidized raw 
materials are used in product manufacture resulting in sufficiently high HP levels in the products 
to trigger active sensitization of a large number of consumers. Thus, to establish relevance of the 
positive patch-test reactions reported from the dermatological clinics, quantitative determination 
of the HP in consumer products on the market in general and more specifically in products used 
by the patients would be required. 
Reliable analytical methods to determine HP levels in consumer products have been developed 
in recent years and they were compared and evaluated in detailed studies within the IDEA 
project (International Dialogue for the Evaluation of Allergens) involving stakeholders from 
academia, industry and the dermatological community24. IDEA was launched by the fragrance 
industry in collaboration with the European Union to address open questions on contact allergy 
to fragranced products following the opinion of the European Union’s Scientific Committee on 
Consumer Safety (SCCS) on fragrance allergens25. 
A simple method with a reduction step using triphenylphosphine (PPh3), followed by GC-MS to 
detect alcohols formed by HP reduction26 was evaluated in two blind-coded method evaluation 
studies on fine fragrances 27 and creams and lotions28. Accurate quantification of spiked 
hydroperoxides in the different products by this method was shown. This method has the 
drawback that it may lead to an overestimation of the true content of HP if the alcohols formed 
by HP reduction are already present as fragrance ingredients and it is therefore a conservative 
method. On the other hand it avoids any potential issues due to instability of HP during sample 
preparation and extraction.  
In parallel, these method evaluation studies also tested the same blind-coded samples with 
several liquid-chromatography (LC) based methods directly detecting the parent hydroperoxide. 
These included a HPLC-chemiluminescence (HPLC-CL) method29, an LC-Q-TOF-MS method 
and an LC-orbitrap-MS method 30. As a general recommendation, it was concluded to use the 
robust GC-MS reduction method for a screening approach and to validate the result for each 
sample with a standard addition experiment, while the LC-based methods could then be used for 
verification of presence of parent HP in positive samples27,28 in specific cases.  
Here, we collected different used products from consumers and new products from the general 
market covering a wide range of product types and with linalool or limonene declared on the 
label. Emphasis was given to include old and fresh samples from the same brand, products from 
patients tested positively for the oxidation mixtures and products containing essential oils, in 
order to test different possible exposure sources. All samples were analysed by the GC-MS 
reduction method, and confirmatory analysis on a subset of samples was made with LC-MS.   
 
 
 
 
Materials and Methods 
Analytical reference standards. HP reference standards (linalool-7-OOH, linalool-6-OOH, 
limonene-1-OOH and limonene-2-OOH) were prepared by GreenPharma (Orléans, France) as 
described before27. Fresh samples with a purity of > 98% were prepared for this study. These 
standards were also used for the standard addition experiments (see below). 
Analytical methods 
Reduction of terpene HP with triphenylphosphine (PPh3) to form specific alcohols is possible in 
different consumer product matrices27,28. This transforms the hydroperoxides into an easily 
measurable stable analyte, which is then measured by GC-MS. Thus the four HP in oxidized 
linalool and limonene are linalool-7-OOH, linalool-6-OOH, limonene-1-OOH and limonene-2-
OOH, and they are reduced to linalool-7-OH, linalool-6-OH, limonene-1-OH and limonene-2-
OH (carveol), which are the ‘target analytes’ investigated here. A standard operation procedure 
for this method was published along with our previous publication 28 and was followed for 
analysis of all products in this study. It includes two different sample preparation methods for 
alcoholic fine fragrances and for complex products containing water (creams, lotions, etc.). 
Calibration was done based on external calibration curves with the four synthetic HP standards 
treated with the reduction method under identical conditions. To ensure successful detection of 
the HP by this method in the different product matrices, each sample was analyzed as received 
and as a parallel sample with a standard addition adding a final level of 50 µg/g of each of the 
four HP to the test sample. For this method we defined a ‘reporting limit’ of 50 µg/ml28, i.e. a 
level at which the alcohol from the reduced HP can be accurately measured in different product 
types, as it is not practicable to determine the true limit of quantification (LOQ) in each product 
matrix. The standard addition experiment was set to 50 µg/g to reflect this reporting limit, and it 
allows checking successful detection of this specified level in each different product matrix 
investigated. However, here also levels below this reporting limit are indicated for full 
transparency, but these must be viewed with some caution. 
LC-Chemiluminescence measurements, LC-Q-TOF-MS and LC-orbitrap-MS measurements 
were performed with the methods also previously described in detail28. 
Procedure for collection consumer products  
IDEA Management Team (IDEA MT) organized the collection of samples and the shipment to 
the analytical laboratory (Solvias, Kaiseraugst). Samples were directly collected by the team or 
provided by members of the IDEA hydroperoxides taskforce. In general, partly used products 
donated by consumers were collected and they were matched with fresh products of the same 
brands bought on the market to be able to determine influence of product storage. As inclusion 
criteria, products should have a declared linalool and/or limonene content and batch number 
/production code to ensure traceability. In addition, samples donated by dermatological patients 
were included (esp. those tested positive for the terpene oxidation mixtures) and were suspected 
by them to be involved in their clinical reactions (samples furnished by the Spanish Contact 
Dermatitis Group GEIDAC). All samples provided by the dermatological centres were tested, 
even if no matched fresh product could be sourced or if no linalool or limonene content was 
declared. Five additional fresh consumer product samples were selected, which contained 
essential oils as declared by the product labelling, since some samples of essential oils were 
reported to contain high levels of HP 31. Tested products also included two commercial fine 
fragrances provided by a manufacturer with different aging: (i) as fresh samples, (ii) as long-
time stored samples and (iii) as artificially aged samples.  
Finally, one sample of an aftershave was received from the University of Stockholm. This 
sample had recently been found to contain a significant level of linalool-6-OOH by a new two-
dimensional LC-MS method 32, and it was reanalysed by the four different methods from our 
method evaluation and validation studies to link our investigations with those published data on 
the same sample. However, this sample does not form part of the ‘random’ sample collection, as 
it was selected from a larger number of random samples based on a previous analytical result.  
All the samples above were analysed with the GC-MS-reduction method. Five positive samples 
above the reporting limit defined earlier and a matched fresh sample were re-analysed by three 
LC-MS based methods to further evaluate the positive results in the screening. In addition, 11 
samples recovered from patch test positive patients were re-analysed by LC-methods to confirm 
the negative results obtained. 
Finally, content of non-oxidized linalool and limonene was analysed semi-quantitatively based 
on the GC-MS results in all products. However, this was not a primary goal and the method was 
not optimized for the analysis of these analytes (a different dilution would be selected to 
quantitatively analyse these much more abundant analytes if that would be the primary goal, but 
primary goal was to be highly sensitive for the alcohols formed by HP reduction). 
 
 
  
Results 
All results on the individual analysed samples are provided as an excel-file in supplementary 
information, and data are sorted into sheets in the order they are discussed here. 
We collected 31 used samples from diverse product types, which we could match with samples 
of freshly purchased products. This set of samples forms the majority of analysed products. They 
all had a declared content of linalool or limonene, and with four exceptions both terpenes were 
labelled on these products. Only one of these 31 aged samples and none of the fresh samples 
contained one of the target analytes above the reporting level: 91 µg/ml of limonene-1-OH was 
detected in an Eau de Toilette, while 45 µg/ml of this analyte was detected in the matched fresh 
product. This product (Sample A in Table 1) contained > 5000 µg/ml of parent limonene 
according to the semi-quantitative analysis. Re-analysis by three LC-based methods overall 
confirmed the result of GC-MS reduction method and could identify this HP in the range of 30 – 
100 µg/ml in the aged and 8 - 38µg/ml in the fresh sample (Table 1). Overall, analysis of this 
dataset indicated no widespread oxidation of the two terpenes between product manufacturing 
and the time the aged products were sampled. Compared to the high level of parent linalool and 
limonene, HP are either very minor constituents or are not detectable at all in these products. 
A further set of samples comprises 20 aged samples from consumers, for which no matched 
fresh sample could be found on the market. A body oil (sample B) contained 69 µg/ml of 
limonene-2-OH, while semiquantitative analysis found 710 µg/ml of parent limonene. LC-
analysis by three different methods could not detect the parent HP limonene-2-OOH, while the 
standard addition indicated high reliability. 
A set of 10 samples collected by dermatologists from patients had neither limonene nor linalool 
content declared. Correct declaration could be confirmed by analysis for parent linalool and 
limonene, which were absent in these samples, and, not surprisingly, also no indication for 
hydroperoxide content was found in this set of samples. 
From the three sample sets described above, a subset had been collected by dermatologists from 
their patients as these products were suspected to elicit their reactions. This subset is separately 
summarized in a further data sheet in the supplementary file. Eleven samples were from patients, 
which are positive to at least one of the oxidized linalool or limonene. For the patients donating 
the other samples the patch test to the oxidation mixtures was either negative or not performed. 
In none of the 28 samples collected from patients, could we detect by the GC-MS method any of 
the four target analytes above 50 µg/ml (except linalool-7-OH in one sample at 38 µg/ml, all 
were < 22 µg/ml for all four analytes). Furthermore, absence of the hydroperoxides above 
reporting limit was confirmed in the 11 samples from patch test positive patients by both LC-MS 
methods. Also the LC-Chemiluminescence found only traces in two samples (Table 2).  
As some literature data indicate rapid accumulation of hydroperoxides in essential oils31, five 
additional products were purchased which have a declared content of essential oils and declared 
linalool / limonene content. Two of these samples (Sample C and D in Table 1) contained at 
least one of the target alcohols above the reporting limit when analysed by the GC-MS-reduction 
method. However, re-analysis by LC-MS could not confirm the presence of parent HP. Here it 
has to be kept in mind that the reduction method can lead to an overestimation if the reduced 
alcohol is already present in the product. The shower oil sample D was thus analysed in some 
more detail. Based on the declaration, this sample contains a multitude of essential oils 
containing linalool and limonene (different citrus and orange oils, different lavender oils). Since 
the content of both limonene and linalool was outside of the calibration range, dilutions of the 
product were re-analysed. It was found that this product contains 215’000 µg/ml and 143’000 
µg/ml of limonene and linalool (21.5% and 14.3% of the total product). Hence, presence of low 
levels of the alcohols limonene-1-OH and limonene-2-OH, which can be found in citrus oils, is 
not completely surprising (Table 1). Interestingly, LC-methods found no indication of significant 
hydroperoxide content in this product with highly exaggerated content of essential oils. 
We also analysed two commercial fine fragrances obtained from the manufacturer as a (i) fresh 
sample, (ii) an artificially aged sample (3 months at 45°C) and a (iii) sample stored at room 
temperature for 3 or 6 years. As indicated in Table 3, all samples were below reporting limit of 
50 µg/ml for all four analytes, but above detection limit for some of the analytes. The data in 
Table 3 indicate no accumulation of the target analytes, nor degradation of the parent linalool or 
limonene under the storage conditions.  
We did complete this study by analysing an aftershave sample, which was received from the 
University of Stockholm. It had previously been analyzed by a novel heart-cut 2D LC-MS 
method 32. This sample (labelled Sample 6 in the publication; aged > 5 years) was selected as it 
contained the highest HP level from a series of market products by this previous analysis and the 
highest ever reported terpene HP concentration in a commercial sample, i.e. it was reported to 
contain 420 µg/ml linalool-6-OOH and ca. 20 µg/ml linalool-7-OOH by that novel method. It 
was reanalysed with the toolbox of methods used here. While 81 µg/ml of the alcohol linalool-6-
OH could be detected by the reduction method, LC-MS found no detectable level (<25 µg/ml, 
LC-Orbitrap), or 7 µg/ml (LC-Q-TOF) or 4.6 µg/ml (LC-CL) of the parent HP Linalool-6-OOH 
(see supporting Information). Analysis by these multiple techniques and detection modes 
indicates that the HP level is much lower as compared to the published value.  
As many negative results are reported here, especially also in the screening with the conservative 
reduction method, it is important that these results are validated and that potential 
hydroperoxides are not masked by interference with product matrix. Hence the standard addition 
experiments are of particular importance to prove that added hydroperoxides are successfully 
detected. The individual results of the standard addition experiments are all reported in the tables 
in the supporting information. For each of the four target hydroperoxides, the recovery in % is 
indicated for each product. From 4 (n HP) × 104 (n samples) = 416 datapoints, only in one case 
the added standard could not be detected due to interference. In 88% of the cases, the recovery 
was > 70%, Figure 1 shows the box plots for the recovery from all samples.  
 
 
Discussion 
This study analysed a broad variety of consumer products containing linalool and/or limonene. 
Based on the conservative GC-MS-reduction method, 99 of the 103 products (96%) contained 
hydroperoxides below the reporting level, while 102/103 (99%) contained less than 100 ppm. 
Re-analysis by LC-MS indicated that these data are still an overestimation, as only in one sample 
the hydroperoxide level determined by the GC-MS method could be confirmed, while esp. the 
essential oil containing products probably appeared not to contain the hydroperoxide but the 
reduced alcohol. Overall, these data indicate that hydroperoxides of linalool and limonene are 
not extensively present in consumer products. 
Analytical confidence. From an analytical standpoint the overestimation observed in few samples 
containing essential oils by the GC-MS-reduction method may be criticized. The possibility for 
some overestimation due to presence of reduced alcohols was known from the beginning and it 
was discussed before26,27, however it does not significantly affect the overall conclusion, namely 
the low frequency of positive samples and low levels in those samples above the reporting limit. 
More important is the positive predictivity, i.e. that samples containing hydroperoxides can be 
reliably identified. Thus the standard addition experiments indicated that positive detection of 
the standard addition was successful in 415 out of 416 individual HP determinations, proving 
successful positive detection. Moreover, in the 11 samples obtained from patients positive for 
the oxidized terpenes, absence of significant HP levels as determined by the GC-MS reduction 
method was confirmed by three independent LC-based methods. Thus all the data on lack of 
significant HP-presence in the investigated samples can be considered to be highly reliable based 
on the detailed control experiments performed here. 
The exact quantification of low levels of course is more challenging, as can be seen form the 
results of the different LC-methods with some variability between methods observed for sample 
A. In addition, recovery of the standard addition was below 70% in several samples in the GC-
MS method. While, from an analytical standpoint, this is not completely satisfactory, confidence 
in negative results and quantitative accuracy in the correct order of magnitude is largely 
sufficient for the toxicological assessment, see below discussion on the known, toxicologically 
relevant doses.   
Comparison to previous data. Previous studies on hydroperoxide levels in consumer products 
focused on fine fragrances and deodorants26,30. Those studies were conducted before the methods 
were validated in the blind-coded ring trial and did not include complex products like creams 
and lotions. Nevertheless, the overall conclusions are congruent with the current data. In 39 aged 
fine fragrance samples from consumers, only 14 contained limonene-2-OOH as determined by 
the reduction method and levels were below 5 µg/ml26. In 22 of these 39 samples, linalool-OOH 
was detected with a geometric mean of 30 µg/ml as determined by LC-MS30. Only one sample 
contained > 100 µg/ml. In a set of 10 products recently analysed by the novel two-dimensional 
LC-MS method32, linalool-OOH levels were in the same range, only one sample contained 
significantly higher hydroperoxide level of the isomer linalool-6-OOH, which normally is the 
minor isomer in oxidized samples. However, this analytical result could not be reproduced with 
the methods used here applied to the same sample (See supplementary information for detail). 
Thus this broad market surveillance aligns well with smaller studies performed before. 
Importance of product type. In terms of product types being at highest risk to contain HP, fine 
fragrances would be suspected first, as they contain the highest fragrance levels. Here we could 
positively identify limonene-1-OOH in one eau de toilette and, as indicated above, linalool-OOH 
could be identified in fine fragrances before. In addition we could identify the target alcohols in 
three body oils and shower oils based on the reduction method, however in these three cases HP 
levels were not confirmed by the LC-methods and these oils probably contained low levels of 
the alcohols which are naturally present in essential oils used for manufacture. This explanation 
is particularly likely for sample C. As it contained a cumulative amount of 36’000 µg/g of 
linalool and limonene from natural oils, presence of a cumulative amount of 400 µg/g of the 
reduced alcohols (i.e. 1% compared to the linalool and limonene content) is not surprising. We 
could not detect HP in any of the creams and lotions tested, despite the fact that our method was 
specifically developed and validated for that purpose28. 
Effect of product age. In principle, commercial products could be clean in the beginning and 
then accumulate HP upon aging. Here we analysed old and new products and there was no 
evidence of HP formation upon product aging, this can nicely be seen in the two products shown 
in Table 3 but also by the overall results of the 31 products analysed fresh and aged. Only in 
sample A the level of limonene-1-OOH was indeed higher in the aged product, but only by a 
factor of two, and this could in principle also be due to a batch effect, as the aged product was 
produced at a different time. 
In theory, HP could also form over time and disappear again. However, if oxidation would 
progress significantly over time, we would expect lower levels of linalool and limonene in old 
products. Here only tentative conclusions can be made, as analysis of parent linalool and 
limonene was only semi-quantitative. Nevertheless, on the average, aged samples contain 95% 
of the limonene and 99% of the linalool content of the fresh samples. Similarly, the two 
fragrances with controlled aging in Table 3 contain stable levels of the parent molecules even 
when aged up to six years. This is in accordance with controlled stability studies over 9 months 
with accelerated aging of linalool in an eau de toilette matrix, where no significant degradation 
was observed even in half-filled, repeatedly opened bottles incubated at 45°C30. 
Products retrieved from patients. A key new aspect of our study is inclusion of samples from 
patients that were patch test positive to linalool ox. and / or limonenen ox. No target alcohols 
could be detected in any of those products (< 22 ppm for all four hydroperoxides) and 50-100% 
recovery of standard addition in those samples indicates that lack of HP detection cannot be 
attributed to analytical failure. Re-analysis by LC-MS methods confirmed these negative results. 
Thus, exposure to these particular product samples can neither explain the positive patch test 
reactions, nor an elicitation due to HP contained therein. 
HP content and analytical sensitivities compared to toxicological data. The analytical 
sensitivities and the detected levels should always be compared to the concentrations of 
toxicological concern based on the available data from animal and human studies. Thus the dose 
per area triggering an EC3 in the local lymph node in mice is at 16’000 µg/g for linalool-OOH 
and 3300 and 8300 µg/g for the two limonene isomers. The concentration used for induction in 
guinea pig tests was 15’000 µg/g for the limonene hydroperoxide fraction15. Patch test 
preparations used in the clinics contain 3300 (limonene-OOH) or 10’000 (linalool-OOH) µg/g of 
the HP. Compared to these figures, the analytical sensitivities of the methods used here are much 
lower, thus we cannot attribute a widespread sensitization as stipulated by the high patch test 
frequencies to possible undetectable levels escaping our analytical sensitivities. A comparison of 
the exposure based on the analytical data with the exposure in the predictive and diagnostic 
human and animal tests was made in detail before for linalool hydroperoxides (Table 6 in30). It 
was concluded that between levels in consumer products and known sensitizing doses there is a 
factor of at least three orders of magnitude. A similar assessment is made here in Table 4 for 
limonene-1-OOH, which was confirmed to be present in one fine fragrance sample in this study. 
Based on the results from the current study, the previous assessment remains unchanged, as the 
consumer exposure from the single positive sample under application conditions of fine 
fragrance is three orders of magnitude lower as compared to the dose used in a diagnostic 
study33. Also the defined reporting limit is 300-fold below the routine patch test concentration.  
 
Conclusions 
This study and previous studies come to congruent results: we cannot find, by analytical means, 
evidence of presence of hydroperoxides which can be linked to reported thresholds for 
sensitization in consumer products from the general market, nor in aged samples retrieved from 
consumers or patients. There is a wide gap between the analytical sensitivity (for negative 
samples) and the reported levels for the positive samples and the previously reported 
sensitization thresholds. Even when applying significant assessment factors to the results from 
animal studies, the detected hydroperoxide levels appear too low to explain active sensitization. 
Thus the source and nature of the inducing agent responsible for the high number of positive 
patch tests reported to oxidized terpene fractions remains elusive. 
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Table 1. Samples above reporting limit as per reduction method, re-analysed by different methods 
  
Limonene-1-
OOH 
Limonene-
2-OOH 
Linalool-
7-OOH 
Linalool-
6-OOH Limonene Linalool 
Sample A, Eau de 
Toilette 
GC-MS red.  (µg/ml) 91 36 25 <16 >5000 2600 
GC-MS red.  (% recovery) 113% 95% 91% 64% 
  LC-Orbitrap-MS (µg/ml) 100 n.r. 18 NF 
  LC-Q-ToF-MS (µg/ml) 77 19 40 25 
  LC-CL (µg/ml) 31.3 11.8 15 13.9 
  
Sample A_new, Eau de 
Toilette 
GC-MS red.  (µg/ml) 45 <16 <16 <16 >5000 1600 
GC-MS red.  (% recovery) 56% 70% 0% 55% 
  LC-Orbitrap-MS (µg/ml) 38.5 n.r. NF NF 
  LC-Q-ToF-MS (µg/ml) 35 <5 <5 <5 
  LC-CL (µg/ml) 8.3 2.2 0 0 
  
Sample B, body oil 
GC-MS red.  (µg/ml) 36 69 - <22 710 860 
GC-MS red.  (% recovery) 81% 101% 91% 82% 
  LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
  LC-Q-ToF-MS (µg/ml) 6 <5 28 19 
  LC-CL (µg/ml) 5.7 0.5 11.1 10.5 
  
Sample C, shower oil 
GC-MS red.  (µg/ml) 262 141 99 24 215000 143000 
GC-MS red.  (% recovery) 74% 84% 83% 108% 
  LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
  LC-Q-ToF-MS (µg/ml) <5 <5 <5 15 
  LC-CL (µg/ml) 4.5 2.7 3.9 5.2 
  
Sample D, body oil 
GC-MS red.  (µg/ml) <22 <22 <22 69 210 1300 
GC-MS red.  (% recovery) 94% 80% 100% 109%     
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
  LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
  LC-CL (µg/ml) 0 0 0 0 
  
Sample E, after shave1) 
GC-MS red.  (µg/ml) 18 20 72 81 >5000 3900 
GC-MS red.  (% recovery) 92% 97% 114% 102% 
  LC-Orbitrap-MS (µg/ml) 7 n.r. ca. 5-10 < 25 
  LC-Q-ToF-MS (µg/ml) 17 <5 8 7 
  LC-CL (µg/ml) 1.6 1 2.8 4.6 
  NF; not found 
n.r.; Not reliable, the LC-Orbitrap-MS method is of limited reliability for limonene-2-OOH as reported before and 
experienced here again based on standard addition experiments. 
1) Sample obtained from University of Stockholm 32and reported to contain 420 µg/g Linalool-6-OOH. 
 
Table 2. Samples from patch test positive patients analysed by different methods 
 Sample and history of 
donating patient  Analytical methods 
Limonene-
1-OOH 
Limonene-
2-OOH 
Linalool-7-
OOH 
Linalool-
6-OOH 
O12, Body cream, Positive 
some fragrances, Positive 
Limonene ox  
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 69% 70% 59% 84% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 n.r. <5 11 
LC-CL (µg/ml) NF NF NF NF 
O13, Body cream, Positive 
Linalool ox 
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 66% 72% 69% 70% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 8 
LC-CL (µg/ml) trace trace Trace trace 
O14, Body wash, Positive 
Linalool ox 
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 99% 105% 77% 96% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) trace trace trace trace 
O15, hand cream, Positive  
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 80% 109% 118% 118% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
O17, shampoo, Positive  
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 89% 74% 71% 70% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
O33, Body repair cream, 
Positive   
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 51% 55% 53% 58% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
O34, skin repair cream, 
Positive   
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 65% 70% 69% 81% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
O36, body milk, Positive 
Linalool ox, Positive 
Limonene ox     
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 73% 76% 76% 85% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
O37, Bubble bath, Positive 
Limonene ox Unsure 
Linalool ox, recommended 
to be retested  
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 93% 94% 79% 89% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
O40, shampoo, Positive 
Linalool ox 
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 97% 96% 90% 96% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
O41, body cream, Unsure 
Linalool ox, recommended 
to be retested   
GC-MS red.  (µg/ml) <22 <22 <22 <22 
GC-MS red.  (% recovery) 97% 96% 90% 96% 
LC-Orbitrap-MS (µg/ml) NF n.r. NF NF 
LC-Q-ToF-MS (µg/ml) <5 <5 <5 <5 
LC-CL (µg/ml) NF NF NF NF 
NF; not found 
n.r.; Not reliable 
 
Note: This Table could also be left within supporting information 
 
Table 3. Two commercial fine fragrance samples with defined storage history analysed by the GC-MS-reduction 
method 
Condition 
Limonene-
1-OOH 
Limonene-
2-OOH 
Linalool-
7-OOH 
Linalool-
6-OOH Limonene Linalool 
Perfume 1, fresh 16 33 18 <16 4100 2200 
Perfume 1,  3 years at RT <16 <16 <16 <16 4200 2300 
Perfume 1,  3 months, 45°C <16 18 <16 <16 4300 2300 
Perfume 2, fresh 18 18 36 <16 >5000 4200 
Perfume 2,  6 years at RT 19 <16 32 <16 >5000 4100 
Perfume 2,  3 months, 45°C 24 <16 30 <16 >5000 3900 
 
Table 4. Dose per area calculations for limonene-1-OOH 
 
Dose of 
hydroperoxide in test 
preparation 
Dose per area 
LLNA Dose inducing sensitisation (EC3) 3300 µg/g (0.33%) 82.5 µg/cm
2
 
Patch test limonene-HP 1),  routine diagnostic level 3300 µg/g (0.33%) 156 µg/cm
2
 
Patch test limonene-1-OOH 2), diagnostic level 5000 µg/g (0.5%) 228 µg/cm
2
 
Defined reporting limit 50 µg/g 0.1 – 0.5 3) µg/cm
2
 
Analytical data market surveillance: (Max. value  
of n = 104) 
90 µg/g (0.009%) 0.2 µg/cm
2 4) 
1) Mixture of isomers, not specifically 1-OOH-isomer 
2) Dose used in study on specific Limonene-1-OOH isomer by Christensson33 
3) Different dose depending on product type (Cream 10 mg/cm2 higher than fine fragrance, 2.2 mg/cm2) 
4) Based on the typical application dose of fine fragrance per area (2.2 mg/cm2) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Recovery of standard addition (50µg/g) of four HP added to 104 products analysed by 
the GC-MS-reduction method. 
